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^*ADP-ribosvlating protein exotoxins from Vibrio cholerae (CT) and Escherichia coli (LT-I) 
sht^e t^S regions of sequence similarity with SordeteWa perfuss/s toxm PTK Previous 
tudieshave indicated that substitution of arginine for lysine 7 w.thin the first regK)n of CT 
Hras icaUv decreases ADP ribosyltransferase activity. We have more closely defined the role 
arr^ino adds in this region by generating modified proteins in which arginme 7 
of other ammo acids in inis reg o y^ replaced with arginine (D9R), glycine was 

ADP-ribosylation activity. 
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Introduction 

Vibrio cholerae is the etiologic agent of cholera, an endemic disease of the Middle 
East v^^hich has recently become epidemic in Latin America.' The profuse watery 
diarrhea, which is the main symptom of cholera, is the result of « 
cation o the epithelial cells of the small intestine with an extracellular protein 
exotoxin, the cholera toxin (CT). CT holotoxin is an 84 kDa protein composed of five 
idenScal B chains and a 27 kDa A subunit (CT-A) which, in V. choterae, is proteo- 
i^lcaSy .^cked to form the enzymatically active A1 (22 kDa) and A2 (5 kDa) chains 

""^he rymaticX Sve A subunits of CT and E. coli heat labile toxin (LT-.) share 
nearly 80% predicted amino acid sequence, a similar mode of action and the GM, 
cellular receptor.' CT-A and LT-I share only two short regions of similarity with the 
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Fig. 1, Results of representative assays of ADP-ribosyltransferase activity of periplasmic fractions of f 
coli 8L21. Lane 1, 2 ^ig purified CT-A; lane 2, BL21:pNPCT; lane 3, BL21:pYS3; lane 4, BL21:R7K' lane 5 
BL21:D9R; lane 6, BL21:P12G; lane 7, 8L21:A613; lane 8. BL21:NEDL Lanes 2-8 each contained 50 ua 
protein. Background counts were subtracted from the data. CPM are in thousands. 



pertussis toxin (PT) of Bordetella pertussis. These two eight amino-acid regions, 
which span residues 6 to 13 and 60 to 67 in CT and LT-I, are located within the N- 
terminal region of the enzymatically active subunits of CT, LT-I and FT/ Site-specific 
mutagenesis of specific residues within the first region in all three toxins indicates 
that some amino acids appear to be critical for expression of full biological 
activity .^^^ In particular, substitution of the arginine residue at position 9 in PT and 
position 7 in LT-I and CT reduced enzymatic activity of the recombinant A subunits 
below detectable levels.^^ 

Our purpose in this study was to define more closely the role of other amino acids 
within the first region of sequence similarity and at the C-terminal end of the toxin. 

Results 

Assays of ADP-ribosylation activity 

Biological activity of recombinant CT-A proteins detected in the periplasmic fractions 
is shown in Fig. 1. Of the proteins which had point mutations inside the first region 
of homology (Table 1), only BL21:P12G consistently demonstrated enzymatic activity 
above background. No detectable activity was seen in assays of the modified proteins 
BL21:R7K, BL21:D9R or BL21:A613. 



Table 1 Amino acid sequence of the first region of 
sequence similarity and specific amino acid alter- 
ations made within it 

Tyr6 Arg7 Ala8 Asp9 SerlO Argil Pro12 Pro13 



R7K' Lys — 

D9R Arg 

P12G Gly- 

A613 Deletion of amino acids 6 to 13 

NEDL Substituted for KDEL in C-terminus 



A613 deletion still resulted in translational read-through, 
• Designations for mutant protein. 
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Fig,2. Immunoblotof a lirriited tryptic digestion of CT-Afronri V. cholerae {\anes 1-4), BL21:pNPCT (lanes 
5-9K and BL21:R7K (lanes 10-14}. Proteins were treated with trypsin for 0, 15, 30 or 60 min before PMSF 
was added. Samples of unmodified recombinant CT-A and the R7K protein untreated with trypsin are also 
shown (lanes 5 and 10, respectively). Antr-CT-A polyclonal rabbit antisera was used to detect protein. 

Limited tryptic digestion 

To determine whether the drannatic decline in biological activity seen in the BL21:R7K 
protein nnight be due to confornnational alterations in the mature protein, a limited 
trypsin digestion of the proteins was performed (Fig. 2). Because naturally occurring 
CT-A is already cleaved into A1 and A2 in V. cholerae, trypslnolysis of purified CT-A 
produced only the single 22 kDa protein band representing the A1 subunit even after 
60 min of digestion (Fig. 2, lanes 1-4). The 5 kDa A2 subunit was too small to appear 
on the gel. Unmodified recombinant CT-A was rapidly cleaved to generate a protein 
which co-migrated with purified CT-A (A1) {Fig. 2, lanes 6-9). Digestion of the R7K 
protein with trypsin resulted in the formation of a number of smaller immunoreactive 
proteins (Fig. 2, lanes 11-14). 

Expression of recombinant CT-A 

The relative levels of expression of immunoreactive, recombinant CT-A proteins in 
the periplasmic fractions are shown in Fig. 3(a). Recombinant proteins demonstrated 
a slower electrophoretic mobility compared to the naturally occurring purified CT-A, 
suggesting that they were not cleaved into the A1-A2 conformation found In V, 
choleras. 




Fig. 3. Immunoblot of periplasmic (a) and cytoplasmic (b) recombinant CT-A proteins. Equivalent 
amounts of protein were boiled for 5 min in loading buffer containing ^-mercaptoethanol, then elec- 
trophoresed on 4-20% gradient SDS-polyacrylamide gels (Schleicher and Schuell, Keene, NH) and blotted 
by standard methods." Lane 1, BL21:pNPCT; lane 2. BL21:pYS3; lane 3, BL21:R7K; lane 4, BL21:D9R; lane 
5, BL21:P12G; lane 6, BL21:A613; lane 1, BL21:NEDL; lane 8, purified CT-A. Anti-CT-A polyclonal rabbit 
antisera was used to detect protein. 
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neutral pH. Barbieri and Cortina^ substituted a serine residue for Asp at this position 
in the PT SI molecule and were similarly unable to detect any ADP-ribosyltransferase 

^^The^P12G substitution of glycine for proline at position 12 represents a potentially 
much more significant alteration in protein conformation. The ring structure of the 
imino acid proline drastically limits rotation about the N-C» peptide bond, mducing 
torsional strain on the molecule. Proline residues are often associated with reverse 
turns or when adjacent as in this case, may be part of a poly{Pro) helix. In any case, 
such a drastic structural alteration as Pro to Gly might be expected to produce a 
siqnificant alteration in protein structure. This could affect the biological activity of 
the toxin if the tertiary structure of the protein and not simply the primary sequence 
isimportantforenzymaticactivity.TheBL21:P12Gproteinconsistentlydem 
ADP-ribosyltransferase activity comparable to that of the unmodified CT-A; therefore 
the Pro-Pro dipeptide is probably not indicative of a poly(Pro) helical structure, which 
can involve as few as two proline residues and which would very likely be disrupted 
bv the substitution of glycine. Proline and glycine residues are often found associated 
with reverse turns; it is possible that substitution of glycine for a proline residue at 
this position would have no effect on a reverse turn in CT-A and therefore no major 
decrease in biological activity would be seen." 

The deletion of all eight amino acids representing the entire first region of sequence 
similarity resulted in retention of the BL21:A613 protein in the cytoplasm [Fig. 3(a), 
(b)] Assays of cytosolic fractions of the recombinant protein demonstrated that this 
protein has no detectable activity above background levels. Studies on PT by Cieplak 
ef ar* and Barbieri and Cortina^ also indicated that these residues are of critical 
importance for enzymatic activity. Since this protein does not appear to be exported 
from the cytoplasm, it is possible that removal of so many residues near the N- 
terminus of the protein may remove topogenic sequences essential for proper export 
as well as deleting residues required for enzymatic activity, regardless of the effect 
onthetertiary structure of the toxin. -x i.- u u 

The final four amino acids of the CT-A protein are KDEL, a protein motif which has 
been identified as a retention signal for soluble proteins in the endoplasmic reticulum 
of a wide variety of eukaryotic cells.^^ In the Pseudomonas exotoxin, which also has 
ADP-ribosylation activity, C-terminal KDEL residues appear to be critical for cytotoxic, 
but not ADP-ribosyltransferase, activity and are also involved in translocation of the 
exotoxin.^« It has been suggested that the sequences KDEL of CT-A and RDEL of LT- 
I may be recognition sequences involved in translocation of the toxins into the 
cytosol and possibly targeting of toxin molecules within eukaryotic cells. This may 
help to explain how CT-A, entering ileal cells at the luminal surface, is able to interact 
with the adenyl cyclase complex at thebasolateral surface. Our C-terminal modified 
protein in which the KDEL sequence was changed to NEDL, appeared to be exported 
at least as efficiently as the unmodified recombinant protein as judged by immu- 
noblots of cytoplasmic and periplasmic fractions (Fig. 3(a), (b)l. This protein also 
exhibited ADP-ribosyltransferase activity at levels nearly equivalent to that of the 
unmodified CT-A, suggesting that in CT-A as in Pseudomonas the. KDEL sequence is 
not involved in ADP-ribosylation activity. 

When the two, small, highly conserved regions of protein sequence similarity near 
the N-terminus of the enzymatically active subunits of PT, CT and LT-I were first 
identified, it seemed likely that such sequence similarity in toxins which ADP-nbo- 
sylate regulatory proteins of the adenyl cyclase complex might be important for 
enzymatic activity. Site-specific mutagenesis studies performed by Barbieri and 
Cortina,^ Lobet et al? and Cieplak et al. appear to confirm the significance of the first 
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region of similarity and specific residues therein. Subsequent mutagenesis in the PT, 
CT-A and LT-I molecules has demonstrated, however, that point mutations in other 
parts of these proteins can have dramatic effects on toxlcity/** "-^^ eithe^ because the 
residues are actually involved in some phase of the catalytic activity of the toxin or 
because their alteration induces conformational changes in the protein, which inhibit 
enzymatic activity or holotoxin formation. Limited tryptic digestion of the unmodified 
CT-A and the R7K proteins demonstrated that the substitution of lysine for arginine 
at position 7 in CT-A increases the number of trypsin sites available in the altered 
construct. This is in contrast to results reported by Burnette etaU who were unable 
to detect any differences in proteolytic degradation in recombinant CT-A, of the R7K 
modified protein, but confirms the findings of Lobet etal.^ with LT-I. 

Materials and methods 

Materials. Restriction endonucleases and other DNA-modifying enzymes were purchased 
from GIBCO-BRL, Boehringer Mannheim or New England Biolabs and were used according to 
manufacturers' instructions. 

£ coli strains. Transformation-competent DH5a bacterial cells (GIBCO-BRL) were used as 
initial transformants for all recombinant plasmlds. BL21 bacteria^* were used for expression 
of recombinant proteins. 

Construction of CT-A expression vectors. ctxA was subcloned from pRT4l2 (kindly provided 
by Dr. John Mekalanos, Harvard University, Boston, MA) and expressed in a previously 
described plasmid, pYS3.^° 

Unique Nde\ and Psfl sites were created in the CT-A gene using polymerase chain reaction 
(PCR) mutagenesis as described by Higuchi*' using oligonucleotide primers listed in Table 2. 

Table 2 YCP-1 and YCP-2 oligonucleotide primers were used to add Psfl or 
A/del sites to the 3' and 5' terminii of the ctxA gene, respectively, by PCR 
mutagenesis of pNPCT 



YCP-l Addition of BamHl and Pstl sites to 3' end ofctxA coding reg ion 



I -ij^P , ^ roimre ctxA 

SCroTAAAAAAAACACC ^CTfiCAGQATCq ryiT^TAA^ 

YCP-2 Addition of Kvnl and Ndel sites to 5" end of ctxA coding re^on 



— .. I I mature etxA ^ 

y^AATTroACCTro qOTACCATAT4 \ATnAT0ATAAOTTATATCXXKX'.v 



KP-1 Ary to l.w 

5-CCAATTrGACCTCGQTA< 



>CC<}(:ATAT4^ATgATrfATAACTT/{rATAAA«'*nAT-nrT-AfiACCa: 



KP.2 A^ptnA^tn 

y-CGAArrroAGCTTOqTACCC pATATq AATOATgAIAAGTT/ fAT^^ 



KP-1 Pro \p q \y 

y-TOAATTCQAgCTCCKn-AC« ^ATATtf \ATgA 
G ATCAAATAAAOCr 



Kr-4 m\ fiox pgTetign 

3-COAATTOAGCTCQGTACP 



jkATGATGATAACTTAOATCAAATAAAnrAfnrAnnTnr..Y 



KF-5 Kp^l, tft NEPU 

y-TTCTA AKA AAAACACC AA V 



Pstl site 



LTl |CTGCAr>[ rrATCATAAATrrirnrrrAATTrTATTAT^ 



S«opcodons 
(revene orienution) 



Primers KPl-5 were used to generate specific mutations in ctxA by pairing YCP-2 with Kp-1, 
-2, -3 and -4, and YCP-1 with KP-5. 
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The CtxA gene was ligated into A/de!-Psrt sites of pYS3 to produce the plasmid pNPCT. The 
CtxA sequences were ligated into this plasmid in such a way as to remove the native ctx 
leader sequence, so that none of the resulting altered ctx genes were preceded by any leader 
seauence. Specific mutations were created as described in the legend to Table 2. Duplex DNA 
was amplified, digested with /Vdel and Pst\ and ligated into pYS3. The nucleotide sequence of 
each altered ctxA construct was verified by dideoxy sequencing using standard methods. 

Antibodies, CP7-3003F7 (3F7) is an lgG3 monoclonal antibody specific for a synthetic peptide 
representing amino acids 6 to 17 of PT (Dr. James Kenimer, Center for Biologies, Food and Drug 
Administration, Bethesda, MD). Polyclonal rabbit antisera generated against CT-A (generously 
provided by Dr. Joel Moss, NIH, Bethesda, MD) was used to detect expression of modified 
recombinant CT-A proteins by standard methods." 

CT-A induction. Plasmids containing the ctxA constructs were introduced into trans- 
formation competent BL-21 bacteria. Colonies carrying the recombinant plasmids were grown 
in Luria Broth with 100 /ig/ml ampicillin at 37*»C with shaking to OD6oo = 0.8-1.0. IPTG (1 mM 
final concentration) was added and shaking was continued for a further 120 mm. Cells were 
harvested by centrifugation at 4000 xg for 10 min at A'^C and suspended in 20% sucrose, 
incubated on ice for 10 min, centrifuged as before, suspended in water and kept on ice for 10 
min. The cells were pelleted and supernatant fluid collected (periplasmic fraction) and stored 
at A^C Pellets containing the spheroplasts were suspended in 10 mM HEPES buffer, pH 7.4, 
containing 10 mM EDTA, sonicated for 2 min (30 s bursts) and centrifuged at 1000 x gf for 10 
min. The resulting supernatant fluid was collected and stored at 4X (cytosolic fraction). 

Protein assays. Protein concentration was determined using the Pierce BCA Protein Assay 
according to manufacturer's instructions (Pierce, Rockford, IL). Purified CT-A (List Bioiogicals, 
Campbell, CA) was used as a positive control on all protein gels. Western blots and ADP- 
ribosylation assays. 

ADP-ribosyltransferase activity assay. Periplasmic and cytosolic fractions were assayed 
for the presence of ADP-ribosyltransferase activity using an agmatine assay as previously 
described." Briefly, activity of cholera toxin was measured by the glycohydrolytic cleavage of 
the "C-labeled NAD donor substrate into nicotinamide and ADP-ribose, and the subsequent 
transfer of the ADP-ribose moiety to the acceptor substrate agmatine (1-amino-4-guan- 
idinobutane; Sigma Chemical Co., St. Louis, MO). Assays were performed in 300 n\ volumes 
containing 50 mM KPO* buffer, pH 7.5, 5 mM MgCI^, 0.2 mM GTP, 20 mM DTT, 10 mM 
agmatine, 0.1 mg/ml ovalbumin, and 1 /iCiI(U-"C)adenine]NAD (Amersham Corp., Arlington 
Heights, IL). Reactions were initiated by the addition of equivalent amounts of protein and 
allowed to proceed for one hour at 37^. Two 100 /il aliquots from each reaction were applied 
to Bio-Rad AG1 X-2 anion exchange columns and each column was washed with 5 ml water. 
Effluent was collected directly into scintillation vials and counted. The positive control con- 
tained 2 /ig purified CT-A protein. 

Limited proteolysis. Purified CT-A and periplasmic fractions containing unmodified recom- 
binant protein or the BL21:R7K protein were subjected to limited tryptic digestion for periods 
of up to 1 h. Fifty micrograms of each protein sample were digested with 10 ^g/ml trypsin in 
25 mM HEPES, 1 mM CaClj, and 0.5 mM EDTA at room temperature for 15, 30, 60 or 90 
min. Proteolysis was stopped by the addition of phenylmethylsulfonylfluoride (1 mM final 
concentration) and aliquots of each sample were electrophoresed and immunoblotted as 
described above. 



The authors wish to thank Dr. Claudia Gentry-Weeks and Dr. L. Vincent Collins for helpful 
suggestions, scientific discussions and critical review of the^manuscript. Y. Singh was sup- 
ported by the National Research Council, Washington DC. No endorsements are herein 
implied. The USDA neither guarantees nor warrants the standards of products, and the use of 
names by USDA implies no approval of the products to the exclusion of others that may also 
be suitable. All programs and services of the US Department of Agriculture are offered on a 
non-discriminatory basis without regard to race, color, national origin, religion, sex, age, 
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